Screening for inherited thrombophilia (IT) is controversial; persons at high risk for venous thromboembolism (VTE) who benefit from screening need to be identified. We tested 533 first-and second-degree relatives of 206 pediatric VTE patients for IT (antithrombin, protein C, protein S, factor V G1691A, factor II G20210A) and determined the incidence of symptomatic VTE relative to their IT status. The risk for VTE was significantly increased among family members with, versus without, IT (hazard ratio ‫؍‬ 7.6; 95% confidence interval [CI], 4.0-14.5; P < .001) and highest among carriers of antithrombin, protein C, or protein S deficiency (hazard ratio ‫؍‬ 25.7; 95% CI, 12.2-54.2; P < .001). Annual incidences of VTE were 2.82% (95% CI, 1.63%-4.80%) among family members found to be carriers of antithrombin, protein C, or protein S deficiency, 0.42% (0.12%-0.53%) for factor II G202010A, 0.25% (0.12%-0.53%) for factor V G1691A, and 0.10% (0.06%-0.17%) in relatives with no IT. Given the high absolute risk of VTE in relatives with protein C, protein S, and antithrombin deficiency, we suggest screening for these forms of hereditary thrombophilia in children with VTE and their relatives. Interventional studies are required to assess whether thromboembolism can be prevented in this highrisk population. (Blood. 2012;120(7): 1510-1515)
Introduction
Venous thromboembolism (VTE) is a multifactorial disease, to which both genetic and acquired risk factors contribute. 1 Established genetic risk factors include protein C (PC), protein S (PS), and antithrombin (AT) deficiency as well as the factor V G1691A (FV) and prothrombin G20210A (FII) polymorphisms. 2 Within the last 15 years, there has been a substantial increase in our understanding of both the pathogenetic mechanisms and the contribution of established and putative thrombophilic defects to the development of VTE. 3 As a consequence, diagnostic evaluation for thrombophilia has become standard practice in many centers treating patients with VTE.
Although it is well established that inherited thrombophilia (IT) increases the risk of a first VTE event, 4 mass screening for IT in healthy persons is not warranted, given an overall low incidence of VTE. Selected screening for IT among persons at heightened risk of VTE appears more reasonable. In addition, although it is known that a family history of VTE, particularly of early-onset during childhood, increases the risk for VTE, the extent to which this relationship is explained by IT has not been well established. It remains unclear whether asymptomatic relatives of patients with thrombophilia benefit from knowing their thrombophilic state. 5 In one small pediatric series, Tormene et al observed no appreciable difference in risk of VTE among thrombophilic children of adults with a first VTE who did, versus did not, have thrombophilia. 6 Whereas Calhoon et al 7 showed a high risk of multitrait thrombophilia in children with a first-or second-degree family history of early VTE, the risk of VTE in such children was low during a median 22 months of prospective follow-up. However, focusing on adult relatives, Lijfering et al showed that VTE risk in family members differs by IT status. 8 The aim of the present study, therefore, was to determine the influence of IT on relative and absolute risks of first symptomatic VTE in family members of children with a first episode of VTE.
Methods

Ethics
The present multicenter cohort study was performed in accordance with the ethical standards laid down in the updated version of the 1964 Declaration of Helsinki and was approved by the medical ethics committee of the University of Münster (Münster, Germany). Written informed consent was provided in all cases before study participation in accordance with the Declaration of Helsinki.
Study population and study design
From July 1996 to April 2010, 206 consecutively admitted term neonates and children younger than 18 years with newly diagnosed VTE and their 667 first-and second-degree relatives were enrolled in the study. There is an Inside Blood commentary on this article in this issue.
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Inclusion criteria
Inclusion criteria for relatives of pediatric VTE cases were the following: (1) first-or second-degree relationship to the pediatric index case; (2) age younger than 18 years at the time of VTE diagnosis in the pediatric index case; and (3) objective confirmation of VTE in the pediatric index case by standard radiologic imaging methods, including compression sonography, venography, computed tomography (CT) venography, or magnetic resonance (MR) venography for venous thrombosis, and spiral CT angiography or lung perfusion scintigraphy for pulmonary embolism. Exclusion criteria consisted of: (1) lack of consent to participate, (2) nonpaternity as determined by personal interviews and DNA analysis in all cases, and (3) no access to blood samples for analysis on IT.
Clinical procedures
Diagnosis of VTE in pediatric index cases was confirmed by an experienced pediatric hematologist specialized in thromboembolic disease. Family members underwent baseline evaluation at enrollment by history and physical examination to evaluate evidence of previous or existing VTE and were seen subsequently on at least an annual basis with repeat history and physical examination. All reports of interim VTE in family members were confirmed by review of the medical records, including radiologic imaging studies. Clinical data collection included patient demographics and disease characteristics, clinical risk factors for VTE, clinical laboratory testing results, antithrombotic therapy regimens, and outcomes (including future VTE events).
Blood sample collection
Blood samples were collected from patients and relatives at the study center in Münster in the morning after a 12-hour fasting period (infants 4-6 hours); samples were drawn by peripheral venipuncture into plastic tubes containing one-tenth by volume of 3.8% trisodium citrate (Sarstedt) and were immediately placed on melting ice. The blood samples from patients were collected 6 to 12 months after the acute thrombotic event, and at least 6 weeks after discontinuation of anticoagulation therapy. Platelet-poor plasma was prepared by double centrifugation at 3000g at 4°C for 20 minutes, aliquoted in polystyrene long-term freezer storage tubes, stored at Ϫ70°C, and thawed immediately before assay. DNA extraction was performed by a spin column procedure (QIAGEN) as previously described.
Laboratory testing
Standard laboratory techniques were used to investigate the FV G1691A and FII G20210A polymorphisms, AT activity (intra-assay coefficient of variation, 3.1%; run-to-run coefficient of variation, 6.5%), PC activity (intra-assay coefficient of variation, 1.6%; run-to-run coefficient of variation, 5.0%), and free PS antigen (intra-assay coefficient of variation, 2.2%; run-to-run coefficient of variation, 4.2%), as per the manufacturer's instructions. For all plasma-based assays, a clotting abnormality was regarded as a defect only if the level was outside 2 SDs of the mean for age-dependent normative values. Confirming criteria for hereditary nature of AT, PC, and PS deficiency consisted of reproducibility of the abnormality in a second plasma sample (3-6 months after initial testing), and either identification of a causative gene mutation or detection of the defect in at least 1 first-degree relative. PC and PS values were performed in the absence of vitamin K antagonist administration.
Statistical analysis
We assessed the influence of genetic risk factors on VTE. As genetic factors do not change over time, we defined the exposure time to IT as the period from birth until the study end point or the age at which the event occurred. We calculated the absolute risk of VTE in relatives as incidence rates per 100 patient-years (%). If concomitant thrombophilic defects occurred in one relative, this person was not counted for the single thrombophilic defects but assigned to a group of combined defects. We calculated 95% CIs of the incidence based on a Poisson distribution. Event-free survival for "first thromboembolic event" was analyzed by survival analysis. We used a Cox regression model adjusting for age, sex, and body mass index (BMI) to calculate relative risks, as hazard ratios (HRs), with 95% CI for HR calculated using the Wald method. We built 2 different models: one using IT as an independent variable and the other using type of IT as independent variables. Because of small numbers, we combined PC, PS, and AT deficiency as a single type of IT. In the first approach, exposure time was defined as the period from birth until the first thromboembolic event or the end of the study. To assess the effect of pubertal status on incidence rates, we used age as a proxy for pubertal status and defined for that analysis the exposure time from the age of 15 years on. Relatives younger than 15 years or with a thromboembolic event before the age of 15 years subsequently were excluded from this analysis. We calculated BMI SD scores for patients younger than 18 years according to sex-specific reference values for German children and adolescents. 9, 10 This score indicates how many SDs the BMI is above the age-and sex-specific mean of German children and adolescents.
Continuous variables were expressed as median (range), and categorical data as counts and percentage. Differences between groups were assessed using a Mann-Whitney U test for continuous data and 2 test for categorical data. A 2-tailed P value Ͻ .05 was used to indicate statistical significance. All data were analyzed using SPSS statistical package (PASW Statistics Version 18 for Windows).
Results
Clinical characteristics
The final population for analysis consisted of 533 (79.9%) first-and second-degree family members (Figure 1 ) of 206 index patients 18 years of age or younger. In our cohort, the median age of first VTE was 4 years (range, 0-18 years) in index patients and 30 years (range, 0-58 years) in relatives. Relatives with IT did not differ significantly from those without with respect to sex, age, and BMI. The median BMI (adults) was 26 kg/m 2 , and the median BMI SD 
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For at HOSP ITALIANO DE BUENOS AIRES on September 5, 2012. bloodjournal.hematologylibrary.org From score (Յ 18 years) was 0 in both groups. A total of 18.3% of all relatives reported to smoke regularly, and 7.9% of women were on oral contraceptives at the time they were included in the study (Table 1) .
VTE occurred in 47 relatives; 6 of those 47 relatives were younger than 18 years at the event time. In both, index patients as well as in relatives with VTE, the majority of events were triggered by transient risk factors (70% in index patients, 64% in relatives) that did not qualify for a primary thromboprophylaxis according to standard medical care. 11, 12 In our cohort of relatives with VTE, transient risk factors were diverse and included immobilization/ surgery (8 of 30), hormonal replacement therapy/use of oral contraceptive or pregnancy (5 of 30), and obesity (10 of 30). Table 2 gives the prevalence of IT in relatives dependent on VTE outcome. A total of 146 of 533 relatives (27%) had at least 1 IT. Among these 146, 93% had single defects, of which heterozygous FV G1691A was the most prevalent (57%). The frequency of each IT (considering homozygous and heterozygous together) was higher than expected (relative to the population norm). Homozygous carrier status was low, with 3 relatives each for FV or FII, and none for PC, PS, or AT.
IT carrier rate in relatives
Incidence of first VTE
In our cohort, the life-long cumulative incidence of VTE in the group of relatives of index patients with PC, PS, or AT deficiency was very high (ie, 76.5%). In carriers of FV G1691A or FII G20210A, cumulative incidence of VTE was substantially lower with 8.6% and 13.5%, respectively. In relatives without IT, life-long cumulative incidence of VTE was only 3.6% (Table 2 ). There were no significant differences of the median age, sex, or BMI between these groups (data not shown).
Annual incidences of VTE dependent on IT are shown in Table 3 . Annual incidence in patients with PS, PC, or AT deficiency was significantly increased compared with those with no IT (2.82%; 95% confidence interval [CI], 1.63%-4.80%; vs 0.1%; 95% CI, 0.06%-0.17%; P Ͻ .001). Annual incidences in carriers of FII G20210A and FV G1691A were not significantly increased compared with those without IT.
Impact of IT on risk of first VTE
To evaluate the influence of IT on first VTE in relatives, we built a Cox regression model comparing presence versus absence of IT in these relatives. In our cohort, the relative risk of a first VTE was significantly higher in relatives with IT than in those without (HR ϭ 7.6; 95% CI, 4.0-14.5). To analyze whether this effect was true for all types of IT, we analyzed separately the effect on VTE of (1) FV; (2) FII; and (3) PC, PS, or AT deficiency; and (4) combined IT. In this model, PC, PS, and AT deficiency had a strong influence on VTE risk (HR ϭ 25.7; 95% CI, 12.2-54.2; P Ͻ .001). Carriers of FV G1691A had only a slightly higher risk of developing VTE than those without any IT (Table 3) . Restricting the analysis to relatives 15 years of age or older did not substantially alter the results. All models included sex, age, and BMI as covariates to correct for potential confounding factors (Figure 2 ). In our cohort of relatives, IT status was not associated with the occurrence of spontaneous versus triggered VTE (spontaneous VTE in relatives with no IT 40% vs relatives with IT 34%, P ϭ .75).
Impact of age
Age is one of the strongest risk factors for the development of thrombosis, and prepubertal events are very rare. In a second step, we therefore restricted the analysis to postpubertal children. We used 15 years as a proxy for pubertal status and excluded observation years in relatives 14 years of age or younger. Annual incidences increased to 4.89% (95% CI, 2.74-7.56, P Ͻ .001) for PC, PS, and AT deficiency (Figure 3 ).
Discussion
VTE is a serious disease that can lead to long-term morbidity or death. 13 Therefore, major goals include (1) identification of populations/subgroups at risk and (2) prevention of VTE in these persons. 14 
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In family members of pediatric patients who were carriers of IT compared with those without IT, the risk of VTE was significantly increased. In particular, we demonstrate a markedly high risk to develop VTE in relatives with PC, PS, or AT deficiency. The risk is approximately 20-fold higher than those in family members without any inherited trait. Absolute risk estimates of a relative's PC, PS, or AT deficiency from our cohort exceeded those of relatives of adult patients with the same thrombophilic defect and comparable age group in a large retrospective study and results from other prospective studies. [15] [16] [17] As expected, restricting the analysis to patients older than 14 years resulted in increased incidence rates. As age is an important risk factor for VTE, 18 we suggest that the development of VTE at a young age indicates an especially high intrinsic thrombosis risk. In a recent study in adult patients, the risk to develop VTE in relatives was associated with the age of first VTE irrespective of IT. 19 The low incidence rates of VTE observed in children of adult index patients again underscore the influence of age in index patients as well as in relatives when defining high-risk groups. 6 In our cohort, the familial risk of VTE was not increased among carriers of FII of FV mutations. Analyzing all patients with FII or FV mutations as well showed an increased incidence rate of VTE in relatives compared with persons with none of the tested IT. The risks appeared to be the result of concomitance of other thrombophilia defects, especially PC, PS, or AT deficiency. After exclusion of combined defects, the effect diminished and was no longer statistically significant. These results are in accordance with the findings from a large retrospective study in adult patients and their first-degree relatives, 8 which showed only mildly increased relative risks for the so-called "low-risk thrombophilic" defects FII, FV, and elevated FVIII after exclusion of PC, PS, or AT deficiencies. Furthermore, this pattern of results points to the fact that studies identifying FV or FII or other low-risk mutations as risk factor for VTE need to be treated with caution; cumulative effects of multiple thrombophilia defects have to be taken into account.
The FV G1691A mutation is the most frequent genetic test performed in the United States. 17 For FII or FV mutations, absolute risk estimates were only slightly elevated compared with patients with none of the tested IT in our study, and differences were not significant in the present cohort. Our results are in accordance with other studies that showed only slightly elevated risks associated with single FII or FV polymorphisms. As absolute risks are clearly outweighed by the risk of serious bleeding in long-term anticoagulation and are mainly influenced by concomitant thrombophilic defects, we argue against screening for FII G20210A or FV G1691A mutation Leiden exclusively. Further studies, especially on the interaction of FII and FV with other risk factors, are needed to define patients in whom screening for those factors may be most beneficial.
It is generally accepted that unselected population screening for thrombophilia is inappropriate; in contrast, testing for heritable thrombophilia in patients with VTE may allow case finding of affected asymptomatic family members. 20 The benefit of screening depends on (1) the prevalence of the thrombophilic defect, (2) the incidence of VTE in positively screened persons, and (3) the safety and effectiveness of preventive measures. PC, PS, or AT deficiency are rare in the general population and therefore account only for a small percentage of the overall thrombosis risk, even though they are associated with a high thrombotic risk. Our cohort of index patients was selected for VTE Putative preventive measures are either long-term anticoagulation with vitamin K antagonists or intermittent anticoagulation during risk periods. The risk of major bleeding for patients treated with vitamin K antagonist has been reported as 2% to 3% in an unselected population and 0.5% in PC, PS, or AT-deficient patients with VTE and therewith is less than the annual risk of developing VTE in that subgroup. 19, 20 However, as 64% of VTE cases in our cohort occurred in association with transient clinical triggers, a risk-adapted intermittent anticoagulation regimen (eg, prophylactic administration of low molecular heparin during high-risk periods and the avoidance of triggers, such as hormonal contraception) may be preferable.
Several aspects warrant consideration. First, our risk estimates exceed those of other studies that did not select based on the presence of a pediatric index case. Second, we only examined for currently established risk factors; given that VTE is a multifactorial disease, additional risk factors probably contribute to differences between studies and may change risk estimates. However, as annual incidence of VTE in relatives with none of the tested IT was low at 0.1%, the likelihood of a strong contribution from nonidentified risk factors is low. In addition, because nonidentified risk factors are likely to be distributed randomly across groups, those risk factors would not materially alter relative risk estimates. Third, selection bias is a potential concern in any observational study. Severity of disease or IT carrier status may have influenced referral to our hospital and may result in an overestimation of absolute risks of recurrence in family members. However, because VTE is a rare and serious disease in childhood, the majority of patients are transferred to academic hospitals; hence, our study population is probably representative of the general pediatric VTE population. Furthermore, we tested consecutive patients and their families to minimize selection bias. Fourth, as the families included in the study were mainly of white ethnicity and were ascertained exclusively in Germany, the results presented here cannot be assumed to be directly applicable to other ethnicities or populations. Lastly, the strength of our conclusions is limited by the size of our study population. This restriction applies in particular to the analysis of rare variants, the influence of combined or homozygous IT. Numbers were too small to assess the impact of PC, PS, and AT deficiency separately. For the same reason, we could not investigate the impact of these severe or combined types of thrombophilia on the risk to develop spontaneous versus triggered VTE. Notwithstanding these limitations, to the best of our knowledge, the study presented here is the largest study on relatives of pediatric index patients and the first to systematically investigating absolute risks of relatives of pediatric patients with VTE.
In conclusion, in this multicenter cohort study of the risk of VTE in relatives of pediatric index cases with VTE, risk of VTE was markedly increased in relatives with, versus without, PC, PS, or AT deficiency. By contrast, risk of VTE was not significantly increased among those with common mild thrombophilic defects. Given the high annual incidence of VTE in those with PC, PS, and AT deficiency, we suggest that screening for IT in relatives of pediatric VTE index cases with PC, PS, and AT deficiency be performed, and that (based on the findings) appropriate prophylactic measures are taken. Future studies need to investigate the safety and efficacy of thromboprophylactic strategies in this setting.
